ABSTRACT: Surface characteristics such as specific surface area, total pore volume, hydraulic pore radius and pore size distribution have been evaluated for hardenedPortland cement/silicafume pastes containingdifferentamounts of BVF superplasticizer(naphthalene sulphonate addicrete). The derived parameters indicate that the surface properties were greatly affected by the amount of superplasticizeremployed, The pozzolanic reaction between silica fume and the free lime released during the hydration of Portland cement. as well as the production of a more dense structure produced by the addition of BVF superplasticizer accompanied by decreasing initial water/solidratios, resulted in hardened cement pastes with a close-textured structure and the predominanceof micropores and/or mesopores with a limited size, Such a structure produced dense pastes with improved mechanical properties.
INTRODUCTION
The surface characteristics of Portland cement containing different amounts of silica fume have been reported in an earlier publication in this series (Khalil 1996) . Several studies have demonstrated that silica fume provides an effective blend for all cementitious materials (Benture et al. 1988: Chan and Mitsuda 1976; Chengyi and Feldman 1980, 1985a,b; Hara and Inoue 1980; Yogendran et al. 1987) . Some features of steam-cured concrete containing silica fume have been studied by Shayam etal. (1993 Shayam etal. ( , 1994 . Gu et al. (1993) used IR spectroscopy to study the influence of silica fume on cement hydration. The microstructure of very low porosity cement/silica fume pastes was investigated by Xie and coworkers (Yu et al. 1993) and other studies of the hydration characteristics of lime/silica fume pastes have also been reported (Abo-EI-Enein et al. 1976) .
Superplasticizers have been called superfluidizers and superwater reducers in the literature and it has been shown that very high strength concrete may be obtained through their use (Yu et al. 1993 : Abo-EI-Enein et al. 1976 . The combined effect of using low water/cement ratios and a relatively high dosage of superplasticizer is the principal cause of improvements in the physicochemical and mechanical properties of concrete.
The object of the present work was to study the main surface characteristics and pore structure of hardened Portland cement pastes containing silica fume with various additions of superplasticizer.
EXPERIMENTAL
The Portland cement employed was provided by the Helwan Portland Cement Company while condensed silica fume was obtained from Ferrosilicon Alloys (Edfo-Komombo), Aswan, Egypt. TIle compositions of these materials are Iisted in Table I . High-range water-reduced superplasticizer (BVE napththalene sulphonate addicrete) was provided by the Chemicals for Modern Buildings Co. (Egypt) and was free from chloride ions. Samples were prepared by mixing Portland cement (80%) with silica fume (20%) for I h using a two-ball mechanical roller to ensure complete homogeneity of the cement/silica fume blends. The superplasticizer was added in different dosages (0.5, 1.0, 1.5 and 2.0% by weight of blended cement) to the water used for mixing the blended cement mixture. The pastes thus obtained have been designated as M o' Mo.~' Ml. o' Ml.~and M 2 0 corresponding to superplasticizer additions of O. 0.5, 1.0, 1.5 and 2.0%, respectively. All the pastes were prepared using the optimum amount of water to obtain consistency and employing a continuous mixing time of 4 min. The specimens were cured at 100% relative humidity for 24 h and then under tap water for time intervals of 3,7, 28. 90. 180 and 365 d. respectively.
The specific surface areas (SOET' m 2/g), total pore volumes (V p ' ml/g) and mean hydraulic pore radii (r h , A) of the blended cement pastes containing different amounts of BVF were determined from nitrogen adsorption isotherms measured at 77 K using a volumetric apparatus of the conventional type. Before carrying out such measurements, each sample was outgassed under a reduced pressure of I x 10-5 Torr at 50°C. A nitrogen vapour pressure manometer was used to obtain the saturated vapour pressure of nitrogen at the temperature of the experiments. Specific surface areas were calculated from the BET plots by using a cross-sectional area of 16.2 Az for the nitrogen molecule. The total pore volume (V ) was taken as equal to the saturation values of the isotherms p and is expressed in ml of adsorbate per g adsorbent.
RESULTS AND DISCUSSION
Nitrogen adsorption/desorption isotherms were measured for all the various pastes at known time intervals. Figure I depicts the adsorption/desorption isotherm for M 2 . 0 as being representative of those obtained. All the adsorption isotherms were of type II in the Brunauer classification and were irreversible in all cases with pronounced hysteresis loops which closed at an intermediate value in the relative pressure range (ptpa '" 0-0.4) for most of the hardened pastes studied. Values of the specific surface areas calculated on an ignited weight basis for the different blended cement pastes are listed in Table 2 .
The data depicted in Figure 2 indicate that the specific surface areas and pore volumes as measured from the nitrogen adsorption isotherms for all the various blended cement pastes decreased continuously with increasing hydration time, irrespective of the amount of superplasticizer added. This may be attributed to the continuous filling of part of the available pore space with hydration products. During the hydration of Portland cement, the free lime [Ca(OH) the amounts of hydrates formed and to the degree of hydration. However, in the presence of silica fume, the pozzolanic interaction between the free lime and the silica fume results in a marked reduction, or even complete consumption, of free Ca(OH)2 and leads to the formation of excess amounts of calcium silicate hydrates. Hence, under these circumstances, the free lime content cannot be taken as a measure of the degree of hydration. Indeed, the further formation of calcium silicate hydrates results in the formation of more dense cement pastes. The effect of adding different amounts of superplasticizers on the specific surface areas and total pore volumes of the resulting pastes are recorded in Table 2 and depicted graphically in Figure 2 . The decrease in both quantities with various additions of superplasticizer is mainly due to the formation of a more dense structure. The close-packed textured structure of the resulting cement pastes gives rise to a pore-narrowing process and to the exclusion of nitrogen molecules from major parts of the total pore structures of the dense pastes. The virtual inaccessibility of nitrogen molecules from the pore system arises from two effects: either the pores are themselves too narrow to admit nitrogen molecules or the pore entrances are too narrow (Mikhail and Abo-El-Enein 1972; Abo-EI-Enein et al. 1974) . Such behaviour would explain the lower values of the specific surface areas and total pore volumes of superplasticized cement pastes as measured by nitrogen adsorption experiments.
The values of the total pore volumes (Vp' ml/g) are listed in column 5 of Table 2 and are also represented graphically in Figure 2 . These values also show a continuous decrease with increasing degree of hydration for all the cement pastes studied. Thus, blended cement pastes without any addition of superplasticizer possessed large values of Vp' with a 2% addition of BVF resulting in a decrease of Vp of 17% after 3 d and of 23% after 365 d. The fact that the variations in Vp followed the same trend as the specific surface areas with hydration time provides additional proof that nitrogen molecules are only capable of penetrating certain types of pores in cement pastes, i.e. mesopores with the same surface/volume ratio. The limited size of the total pore system in superplasticized cement pastes demonstrates that most of the pore system in these pastes consisted of micropores and/or mesopores.
Values of the BET C constant were also calculated for the various hydrated samples containing different amounts of superplasticizer and the results obtained are listed in column 4 of the C-values were low thereby indicating a low heat of adsorption during the formation of the first adsorbed layer. This suggests that, because of its weak quadrupole moment, the nitrogen molecule can only undergo weak non-specific interactions with the adsorbent surface with consequent lower heats of adsorption in the first adsorbed layer. An additional surface area, known as 51 (m 2/g), may be evaluated from the volume-thickness curve (V, versus t plots) constructed using a suitable standard t-curve depending on the magnitude of the C-constant of the BET equation. The corresponding volume-thickness curves for sample M 2 . 0 are depicted in Figure 3 , the upward deviation with increasing degree of hydration demonstrating that an increasing number of mesopores were formed in the samples. It was also found that as the amount of superplasticizer in the samples increased the VI versus t plots exhibited notable downward deviations in addition to the upward deviations mentioned above, thereby indicating a predominance of narrow pores as well as mesopores in the total pore system of the hardened pastes.
The values of the mean hydraulic radii (r h , A) of the pore system as determined by nitrogen adsorption are listed in column 6 of Table 2 . The results indicate that the hydraulic pore radius increased as the length of the hydration period increased, but decreased as the amount of superplasticizer in the system increased as a result of the pore-narrowing effect induced by the denser structure of the pastes. It therefore follows that the introduction of superplasticizers influences the total pore system in hardened cement pastes. Such pores sometimes contain inner deposits of cement hydrates but the complete consumption of Ca(OH)2 crystals noted previously in samples containing silica fume demonstrates the intense pozzolanic properties of this material. When superplasticizer was added in large amounts, a very dense shell of calcium silicate hydrate formed around the Ca(OH)2 crystals and led to the generation of a dense and impermeable matrix. The present results are in good agreement with those obtained in earlier investigations (Feldman and Chengyi 1985) .
CONCLUSIONS
The main conclusions arising from the present study are as follows:
I. The specific surface areas and total pore volumes of the samples decreased continuously with hydration time. 2. The addition of superplasticizer to the cement pastes led to a pore-narrowing process and the exclusion of nitrogen molecules from a major part of the total pore system of the dense structures obtained. 3. The total pore system of superplasticized cement pastes was composed mainly of micropores and/or mesopores.
